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Dark matter could be composed by black-hole remnants formed before the big-bang era in a bouncing
cosmology. This hypothetical scenario has implications on the issue of the arrow of time: it upsets
a common attribution of past low entropy to the state of the geometry, and suggests a possible
realisation of the perspectival interpretation of past low entropy.
I. REMNANTS
One of the candidates as dark matter constituent is
provided by remnants of evaporated black holes. This is
an old idea [1–9], which has received renewed attention
[10] because of advances related to quantum gravity [11–
17]. There are no current observational constraints on
this possible contribution to dark matter [18].
Remnants could be produced at the end of the evap-
oration of primordial black holes formed at reheating;
this is the scenario studied in [10]. But there is a sec-
ond possibility: they could have formed before the big
bang, in a cosmological bounce scenario [19, 20]. Black
hole remnants passing trough the big bounce could have
formed in a contracting phase before the current expand-
ing one [23, 25]. The possibility that dark matter could
be formed by matter that has crossed the big bounce has
been previously considered. Roger Penrose has coined
the name erebons, from the Greek god of darkness Ere-
bos, to refer to dark matter particles of Planckian mass
crossing over from one eon to the successive one across
‘dark epochs’ [21] in cyclic cosmologies [22]. Here we
consider stable white-hole remnants of the kind studied
in [10] coming from large pre-bounce black holes, and we
observe that this scenario has interesting implications for
thermodynamics.
A debated question in thermodynamics is why entropy
was low in the past. Low past entropy is the source
of all irreversibility that we see around us, and current
established physics takes it as a fact without any
consensual explanation. A hypothesis on the physical
reason for past low entropy was put forward in [26]
and is called the hypothesis of the perspectival origin
of past low entropy. According to this hypothesis, the
microstate of the universe is generic, but we happen to
belong to a subsystem of the universe that interact with
the rest via a reduced set of variables defining a coarse
graining with respect to which the (generic) state of the
universe had low entropy in the past. In other words, it
is not the microstate of the universe to be ‘special’, it is
our perspective on it which is special. Like the apparent
rotation of the cosmos around us, entropy growth is to
be understood in terms of our collocation in the universe
and our perspective upon in, not in terms of the universe
alone.
In [26], this hypothesis lacked a concrete realisation
clarifying what could be peculiar in the part of the uni-
verse to which we belong. As we explain below, if dark
matter is formed by pre-bounce remnants, there is a pos-
sible answer to this question.
In Section 2 we recall the white hole remnant hypothe-
sis and collect the relevant quantitative facts. In Section
3 we recall the idea of the perspectival source of past low
entropy. In Section 4 we show how remnant could play a
role in making this hypothesis concrete.
II. EREBONS
The hypothesis we consider here is that dark matter
has a substantial component formed by white-hole rem-
nants generated by the evaporation of black holes before
the big bang era in a bounce cosmology. As shown in
[15], the lifetime of such remnants is of the order
τWH ∼ m
4
o (1)
in Planck units ~ = G = c = 1, wheremo is the mass that
originated the black hole that has then given rise to the
remnant. (Quantum gravity is locally Lorentz invariant
[27, 28] and has no preferred time [29] but the cosmologi-
cal context determines a preferred frame and a preferred
cosmological time variable.) The internal volume of this
remnant when it is formed is also [15],
VWH ∼ m
4
o. (2)
For a remnant to have survived until today, its lifetime
must satisfy
τWH > TH (3)
where TH is the Hubble time. Therefore its internal vol-
ume at the bounce must have been at least
VWH ∼ m
4
o ∼ τWH > TH . (4)
If all dark matter is formed by white-hole remnants, the
energy density of remnants must be roughly of the order
of the matter density ρM , and this in turn is related to
TH by the Friedmann equation
1
T 2H
∼
(
a˙
a
)2
∼ ρM , (5)
2where we neglect factors of order unit. Therefore the
current density ρ of remnants is of the order
ρ ∼ ρM ∼
1
T 2H
. (6)
If we take the mass of each remnant to be Planckian
[15], namely of order unit in Planck units, ρ is also their
number density, in the units we are using.
From the primordial universe to the current epoch, the
universe has expanded widely. We can consider approx-
imatively 60 e-foldings for the expansion during the cos-
mological epochs characterised respectively by radiation,
matter, and cosmological constant domination. In to-
day’s most accepted cosmological scenario, one adds a
further inflationary expansion of 60 e-folding or more.
Current dark matter is unlikely to be formed by stable
remnants that have survived this entire expansion, be-
cause their initial density at the bounce would have to
be far above the Planck density, and this scenario in ten-
sion with the expectation that quantum gravity bounds
the density to Planckian values.
There is however a well-known alternative to inflation
in bouncing models: the matter bounce scenario [30–32],
where the contracting phase of the bounce is matter-
dominated and yields an almost scale-invariant power
spectrum (see [33, 34] for a review). There are differ-
ent realizations of the matter bounce. In particular, the
matter bounce has been considered within the bounc-
ing Loop Quantum Cosmology [35], where the bounce is
produced by loop quantum gravity effects rather than by
exotic matter. In the literature the matter component is
commonly introduced as a scalar field. We note that the
presence of black holes is rather generic during a cosmo-
logical contraction [36, 37], constituting a dust-like pre-
assureless matter content precisely dominating the con-
traction phase. We consider here a Loop Quantum Cos-
mology bounce with a black-hole dominated contraction.
The details of such model deserve further analysis, our
interest here is just to give a preliminary estimation of
the viability of this model.
In a matter bounce scenario, there is no standard in-
flationary phase. The quantum bounce yields a super-
inflationary phase whose length depends on the model
[38, 39]. At the bounce the universe is radiation-
dominated. The radiation-dominated epoch can be taken
to start very close to the bounce [33]: here for simplicity
we consider this case, so that at the bounce the matter
and the radiation components have a matter density of
the same order of magnitude. In the model studied in
[35], the density at the bounce is constrained to be of the
order
ρb ∼ 10
−9 (7)
in Planck units. Using (4) we have an amount of internal
volume per unit of external volume
Vint = ρbVWH > 10
−9TH ∼ 10
52 (8)
This means that only a tiny fraction
1
Vint
< 10−52 (9)
of the volume of the universe was outside the remnants at
the bounce! If we assume equiprobability for each equal
volume of the universe, the probability for an observer to
be outside those remnants at the bounce is one part in
1052. Therefore an observer outside the remnants is in
this sense ”special” as one part in 1052.
The scenario considered here, where black holes cross
the bounce, is related but distinct from string cosmology
scenarios, such as the one proposed for instance in [52].
There black holes are formed in the high curvature phase,
preceding the transition, and they decay very rapidly,
while the remnants we are considering are already present
in the contracting phase and they are stable for a very
long time.
III. PAST LOW ENTROPY
The mystery of the second principle of thermodynam-
ics is not why entropy growth towards the future. That’s
pretty obvious. The mystery is why entropy diminishes
going towards the past [40–45]. All current irreversible
phenomena, including our own future-oriented thinking,
the existence of memories and the direction of causal-
ity we use to make sense of the world, can be traced to
the fact that entropy was low in the past [46, 47]. Since
matter was apparently near thermal equilibrium in the
past, the low entropy was concentrated on the geometry.
In fact, in standard cosmology geometry is assumed to
be nearly homogenous. For the gravitational field, ho-
mogeneity is a very low entropy configuration, because
gravity tends to clump and generically the evolution of
perturbations leads increasingly away from homogene-
ity. In fact, as long argued by Penrose, generic states
of gravity, to which generic evolution tends, are highly
crumpled, not homogeneous. (For interesting criticisms
and informed alternative perspectives, see [48–51].)
The fact that source of past low entropy, hence the
source of irreversibility, was the homogeneity of space
is confirmed by a simple analysis of the thermodynam-
ical history of the universe. For instance irreversibility
on Earth is due to the strong source of negative en-
ergy formed by the sun; the sun in turn was irreversibly
formed by the collapse of a primordial cloud under grav-
itational attraction. Therefore the original negative en-
tropy driving irreversibility around us can be traced to
the early lack of gravitational clumping. As repeatedly
pointed out by Penrose, the fact that the geometry of
the universe was small and homogenous to the degree re-
quired by the current standard cosmological model, im-
plies a very ‘special’ state determining an initial low en-
tropy.
But if the remnant scenario is correct, the geometry at
the bounce had far more volume and was not homogenous
3at all. To the opposite, it was very highly crumpled. If
so, what is the origin of past low entropy, if it is not how
special the initial geometry was?
IV. PERSPECTIVAL ENTROPY
An imposing aspects of the Cosmos is the mighty daily
rotation of Sun, Moon, planets, stars and all galaxies
around us. Why does the Cosmos rotate so? Well, it is
not the Cosmos rotating, it is us. The rotation of the sky
is a perspectival phenomenon: we understand it better as
due to the peculiarity of our own moving point of view,
rather than as a global feature of all celestial objects.
The list of conspicuous phenomena that have turned out
to be perspectival is long; recognising them has been a
persistent aspect of the progress of science.
The hypothesis put forward in [26] is that the increase
of entropy is a perspectival phenomenon in this sense. To
be sure, it is not subjective or mental, or illusory. Rather,
its source is in the relation between an observer system
and an observed system, like for the rotation of the sky.
This is possible because the entropy of a system de-
pends on the system’s microstate but also on the coarse
graining under which the system interacts. The relevant
coarse graining is determined by the concrete existing
interactions with the system. The entropy we assign to
systems around us depends on the way we interact with
them – as the apparent motion of the sky depends on our
own motion.
This observation opens a novel way for facing the puz-
zle of the arrow of time: the universe is in a generic
state, but sufficiently rich to include subsystems whose
coupling defines a coarse graining for which entropy in-
creases monotonically. These subsystems are those where
information can pile up and ‘information gathering crea-
tures’ such as those composing the biosphere can exist.
A subsystem of the universe that happens to couple to
the rest of the universe via macroscopic variables deter-
mining an entropy that happens to be low in the past,
is a system to which the universe appears strongly time
oriented. As it appears to us. Past entropy may appear
low because of our own perspective on the universe. We
refer to [26] for a detailed discussion of this hypothesis.
What was not clear in [26], however, is in which sense
we belong to a subsystem of the universe sufficiently spe-
cial to generate the large past low entropy we see.
V. EREBONS AND THE ARROW OF TIME
It is clear at his point that the erebon scenario ad-
dresses the issue of the arrow of time. On the one hand,
it replaces the very special homogeneous initial state of
the conventional Robertson-Walker geometry with a far
more generic ”very crumpled” geometry: one where the
largest share of the volume is trapped into white-hole
remnants. In this way the strange special aspect of the
initial state is eliminated or attenuated.
On the other hand, it shows that by being outside the
remnants we are in an extremely non generic situation.
Thus providing a possible underpinning of the peculiarity
of the coarse graining that our special observational point
on the universe implies.
What we gain in the exchange is a simple explanation
of the arrow of time in terms of the very weak (and largely
uncontroversial) version of an anthropic argument: in a
generic universe, critters like us that exist thanks to a
strong entropy gradient are born in those very special
regions that allow such entropy gradient. This is the
same as answering to the question of why we are not in
a generic spot of the universe – a generic spot in the uni-
verse is in empty extragalactic space: we are not in empty
extragalactic space because we are the product of a spe-
cial universe region with appropriate temperature and a
local entropy flow. Similarly, we come from the extremely
tiny region outside the remnants because that’s the re-
gion with respect to which there is the irreversibility that
has made us.
The reason for the entropic peculiarity of the past,
thus, should not be sought in the cosmos at large. Time
asymmetry, and therefore ”time flow”, might be a feature
of the peculiar subsystem to which we belong, a feature
needed for information-gathering creatures like us to ex-
ist, not a feature of the universe at large.
This scenario is incomplete. We have not studied
how being outside the remnants determines a coarse
graining and why this yield past low entropy. Here we
have simply pointed out the erebon remnant scenario
provides ingredients for exploring these possibility.
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